Resistance of elms (Ulmus spp.) to the pathogenic fungus Ophiostoma novo-ulmi Brasier depends on chemical and anatomical factors that confine the spread of the pathogen in the vascular system of the host. This study focused on detecting chemical differences in 4-year-old Ulmus minor Mill. seedlings before and after inoculation with a virulent O. novo-ulmi isolate. According to symptom development over 60 days, the trees were divided into resistant (0-33% wilting) and susceptible (67-100% wilting) groups. Histochemical tests and Fourier transform-infrared (FT-IR) spectroscopy analysis were performed on transverse sections of 2-year-old twigs, 2 days before and 40 days after inoculation. Although histochemical tests did not clearly discriminate susceptible from resistant elms, chemical differences between resistant, susceptible and control trees were detected by FT-IR. The average spectrum for resistant tree samples had higher absorbance peaks than the spectra from the susceptible and control samples, indicating increased formation of lignin and suberin. The roles of lignin and suberin in the resistance of the elms against O. novo-ulmi and the usefulness and sensitivity of the FT-IR technique for analyzing metabolic changes caused by pathogens in plants are discussed.
Introduction
The current pandemic of Dutch elm disease (DED) is caused by Ophiostoma novo-ulmi Brasier, the most aggressive and widespread disease of elms (Brasier 2000) . During pathogenesis, O. novo-ulmi develops within the xylem vessels of infected trees, giving rise to the formation of vessel plugs due to tyloses and gels (Ouellette et al. 2004a) , ultimately resulting in the development of a wilt syndrome. These processes, which involve production by the fungus of cell-wall-degrading enzymes, toxins and growth substances (Russo et al. 1981, Takai and Hiratsuka 1984) , induce blocking and cavitation of vessels (Newbanks et al. 1983) . Elm resistance to DED is associated with the ability of the tree to restrict pathogen spread. Anatomical factors, such as narrow earlywood vessels (Sinclair et al. 1975, Solla and Gil 2002) or the formation of barrier zones (Shigo and Tippett 1981 , Bonsen et al. 1985 , Rioux and Ouellette 1991 are reported to limit spread of the fungus through the plant. Chemical factors, such as the production of phytoalexin-like sesquiterpenes have also been described as resistance mechanisms (Jeng et al. 1983 , Duchesne et al. 1985 , Sticklen et al. 1991 . Because resistance to DED is polygenic (Lester and Smalley 1972) , and many factors are involved (Duchesne 1993) , the study of a single factor or process in isolation often oversimplifies the problem. The ability to obtain biochemical fingerprints of elms would be useful in studies to characterize resistance mechanisms to DED, or to identify resistant elms.
Fourier transform-infrared (FT-IR) spectroscopy is a physico-chemical analytical technique that does not determine concentrations of individual metabolites but provides a snapshot of the metabolic composition of a tissue at a given time (Griffiths and de Haseth 1986) . The FT-IR method measures predominantly the vibrations of bonds within chemical functional groups and generates a spectrum that can be regarded as a biochemical or metabolic "fingerprint" of the sample. The FT-IR method has been successfully employed in the differentiation of bacterial and fungal species (Helm et al. 1991 , Timmins et al. 1998 , Goodacre et al. 2000 , examination of salt-stressed tomatoes (Johnson et al. 2003) , and investigations of plant-plant interactions and plant chemical variations (Dorado et al. 2001 , Gidman et al. 2003 , Hori and Sugiyama 2003 . Furthermore, FT-IR has been used as an analytical tool in structural analyses of lignocellulose chemistry, providing reliable insights into modifications of cell-wall components caused during fungal attack (Gilardy et al. 1995) . Applying metabolomic techniques to plant pathology is a new approach, generally used as a complementary method to transcriptome and proteome analyses. The objective of this research was to identify, through FT-IR microscopy, discriminatory biomarkers in Ulmus minor Mill. trees with different degrees of resistance to O. novo-ulmi.
Materials and methods

Plant material
The experiment comprised 70 Ulmus minor seedlings, 4 years old, obtained from open-pollinated seeds. The seeds were collected in the field from 40 U. minor trees in 31 different locations in Spain. The extensive seed harvest was made to ensure high genetic variability among progeny and thus a wide range of responses to DED. The nursery-grown seedlings were 30-50 cm in height when transplanted in a sandy loam soil at the Forest Breeding Centre in Puerta de Hierro (Madrid) at a spacing of 0.5 × 1 m.
Inoculation and symptom evaluation
Inoculations were carried out on May 5, 2003, when the plants were 1.5-2 m in height. Ophiostoma novo-ulmi ssp. americana isolate OR-VR was used for inoculations because of its rapid in vitro growth rate (4.5 mm per day on 2% malt extract agar at 20°C) and high virulence (Solla et al., unpublished data) . The isolate was collected in 1996 from an U. minor tree in Verín, Spain, maintained on 2% Oxoid malt extract agar (MEA) in 9-cm-diameter petri dishes at 4°C in the dark and subcultured at 3-month intervals. Spore suspensions were prepared in Tchernoff's liquid medium (Tchernoff 1965) and cell density adjusted with water to 10 4 ml -1 . This cell density, which is lower than that normally used in resistance tests for breeding purposes (= 10 6 conidia ml -1 ; Mittempergher and Santini 2000, Solla 2000) , was chosen to avoid high mortality and thus to obtain a wide range of wilt symptoms. About 0.1 ml of the suspension was delivered with a syringe into the xylem through artificial wounds. The wounds were made with a sterilized blade at a point on the main stem 20-25 cm above the soil surface, to the depth of the vascular cambium. Ten control trees received distilled water instead of spore suspension.
Disease severity was evaluated 60 days after inoculation by recording the percentage of wilting leaves on each plant. Under the conditions prevailing in Madrid, U. minor reaches maximum wilting 60 days after inoculation (Solla 2000) . Susceptibility ratings of high, medium and low were assigned to trees according to their wilting percentages: 100-67, 66-34 and 33-0%, respectively (Solla and Gil 2002) . To distinguish clear chemical differences between trees differing in susceptibility, only trees with low susceptibility, called resistant trees (R) (n = 19), and highly susceptible trees, called susceptible trees (S) (n = 23), were used in subsequent analyses. Including samples from the control trees (C) (n = 10), three groups of samples were examined both before (Rb, Sb, Cb) and after inoculation (Ra, Sa, Ca).
Sample removal
On May 3, 2003, two days before inoculation, a 3-cm-long twig sample was removed from each tree. The twigs were 2 years old and were located in the upper third of the crown (north side, where available). Forty days after inoculation, a second sample of twigs was harvested from each tree. The samples were immediately frozen in liquid N 2 and stored at -80 °C until analyzed.
Histochemical tests
Histological and histochemical studies were conducted to confirm that the typical responses to DED occurred after inoculation. Transverse sections (5 µm) were taken from the frozen samples with a Reichert-Jung 2800 cryostat (Leica Microsystems Nussloch GmbH, Nussloch, Germany), placed on glass slides and stained with toluidine blue (0.1% in 0.1 M phosphate buffer) to visualize fungal hyphae in host tissues (Jensen 1962) . Phloroglucinol-HCl was used to detect lignin and suberin through the quenching action of this stain on autofluorescence of lignin (Biggs 1985) . Sections were observed with the aid of an Olympus BX61 epifluorescence microscope (Olympus Optical Company, Shibuya-ku, Tokyo, Japan) and tungsten and UV illumination (340-380-nm excitation, 410-and 450-nm barrier filters). With this technique, lignified cells appeared red-violet in tungsten light, whereas the phloroglucinol-HCl quenched the autofluorescence of lignin in UV illumination, allowing the localization of suberized tissues. Digital images were captured with a JVC TK-C381 video camera (Victor Company of Japan, Taito-ku, Tokyo, Japan).
Fourier transform-infrared spectroscopy
Additional cryostat transverse sections (5 µm) were placed on barium fluoride discs and dried at room temperature for 48 h. The FT-IR instrument used was a Continuum Nicolet microscope accessory of a Nexus 670 Nicolet FT-IR spectrometer (Thermo-Electron, Waltham, MA) equipped with a mercury cadmium telluride detector cooled with liquid nitrogen. For each section, three areas (125 × 125 µm) were randomly selected for spectral collection within the 2003 growth ring. In each area, 64 interferograms were collected in transmission mode from 4000 to 700 cm -1 with 4 cm -1 resolution. The interferograms were co-added and averaged to improve the signal-to-noise ratio. Spectra were displayed relative to absorbance, and baseline-corrected with the OMNIC 5.1 software (Thermo-Electron).
Data processing and statistical analysis
Each sample was represented by an averaged spectrum containing 856 variables, making visual analysis difficult. To analyze the multivariate data in one spectrum and to compare samples, a range of chemometric and data mining techniques were used (Kacurakova and Wilson 2001) . Spectra were normalized to set the smallest absorbance to 0 and the highest absorbance to +1. Next, the spectra were detrended by subtracting a linearly increasing baseline from 4000 to 700 cm -1 . Finally, the smoothed first derivatives of these normalized and detrended spectra were calculated with 5-point smoothing (Timmins et al. 1998) . Principal component analysis (PCA) was used to reduce the dimensionality of the data, while preserving most of the variance (Goodacre et al. 2000) . Discriminant function analysis (DFA) was then used to discriminate between groups of samples on the basis of the retained PCs.
To identify possible functional groups of importance in the host-pathogen interaction, relative absorbance ratios were calculated by dividing the most diagnostic spectral peaks by the peak band intensity at 1510 cm -1 (Dorado et al. 2001 ). This band is characteristic for skeletal ring vibrations in heterogeneous macromolecular materials such as lignins. Compared with the original values, these relative absorbance ratios are less sensitive to differences in carbon concentrations in the related samples and to possible errors in sample preparation. Relative absorbance ratios were analyzed by one-way ANOVA, considering the sample groups as a factor. Fisher's least significant difference (LSD) procedure was applied to compare means (P < 0.05). The statistical analysis was performed with S-PLUS Version 4.5 software (Mathsoft, Cambridge, MA).
Results
Histology and histochemistry
No strong lignin or suberin positive reactions were observed in the phloroglucinol-HCl stained sections from trees harvested before inoculation (Rb, Sb and Cb) or in the Ca sections. In contrast, about 35% of the Ra and Sa sections showed strong positive reactions for lignin in the cell walls of vessels and contiguous cells ( Figure 1A ). Tylose formation was observed in some vessels, and the protoplast of some contiguous parenchyma cells stained strongly with phloroglucinol-HCl. No notable differences between Ra and Sa sections were observed using this staining method. Under epifluorescence, about 75% of the Ra and Sa sections had fluorescent areas ( Figure 1B ) that frequently appeared as a continuous band of swollen parenchyma cells separating the infected xylem from the healthy cambium. These bands were found in the same proportions in both Ra and Sa sections, although the radial thickness ranged from 100 to 350 µm and from 50 to 150 µm, respectively (Figure 1C) . Radial growth increments ranging from 300 to 1000 µm were observed in Ra sections outside the fluorescent band ( Figure 1C ). These growth increments, considered latewood, included a large number of vessels. In contrast, radial growth increments in Sa sections ranged from 50 to 400 µm and were mainly formed by parenchyma cells and fibers (Figure 1D ). Tyloses showed positive reactions for suberin. No hyphae were observed in any sections.
FT-IR microscopy
The whole-tissue FT-IR spectrum of U. minor from control samples harvested prior to inoculation was complex, with TREE PHYSIOLOGY ONLINE at http://heronpublishing.com NEW METHOD TO EVALUATE PLANT RESISTANCE 1333 overlapping peaks (Figure 2A ). Considering groups of samples, those harvested before inoculation (Cb, Rb, Sb) had lower absorbances than those harvested after inoculation (Figure 2B ). Sample groups harvested before inoculation showed peaks with similar absorbance values; however, after inoculation, the average spectrum for Ra samples had relatively higher absorbance peaks than the spectra from the Sa and Ca samples. These differences were more pronounced when comparing the spectra of an Ra sample from a 0%-wilting tree with an Sa sample from a 90%-wilting tree (Figure 3 ). Classification of samples by DFA indicated that the FT-IR spectral fingerprints contained discriminatory biochemical information, the first two discriminant functions being significant (P < 0.05). The groups of samples harvested before inoculation were clearly differentiated from the samples harvested after inoculation (Figure 4) . Although no discrimination was found between groups of samples harvested before inoculation, there was a clear separation between samples harvested after inoculation.
The relative absorbance ratios for the most diagnostic FT-IR peaks (ratio of diagnostic spectral peak to the intensity at 1510 cm -1 ) ( Figure 5 ) are summarized as follows.
(1) Before inoculation, there were no significant differences between the three groups, except between Rb and Cb at 1738/1510 cm -1 .
(2) After inoculation, significant differences were observed between Sa and both Ra and Ca groups at the 3400/1510 cm 
Discussion
The formation of specific defense compounds in plants is activated by elicitors and translated through a complex signal transduction pathway. In relation to DED, the defensive strategies probably involve both a preformed and an inducible defense capacity (Hubbes 2004 ). To our knowledge, this paper is the first using FT-IR to report on the defense mechanisms of trees. The use of microscopy in combination with spectroscopy provides a new approach to the study of chemical responses against pathogens in wood sections, traditionally analyzed by histochemical methods. Analysis by FT-IR, in combination with multivariate statistical methods, provided information about the role of chemical factors in the defense mechanisms of elms against DED. The finding that no differences were detected between the three groups of samples in the DFA before inoculation, together with the clear discrimination between the groups after inoculation, suggests the induction of chemical defense reactions by O. novo-ulmi.
In Figure 2 , apart from the intense but unspecific stretching bands for OH groups (3400 cm -1 ) and alkyl C-H groups (2920 cm -1 ), the spectra showed a prominent peak with a maximum near 1030 cm -1 attributable to C-O vibrations in the cellulose pyranoside units (Dorado et al. 2001 ). The most di-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com NEW METHOD TO EVALUATE PLANT RESISTANCE 1335 . Discriminant function analysis plot of Ulmus minor FT-IR spectra based on 30 principal components (explaining 99.89% of the total variance). The two discriminant functions (P < 0.05) and the relative percentage of variance explained by each function is shown in the axis. The six groups of samples that form the experiment were used as the classification factor. Abbreviations: Sb = susceptible trees before inoculation; Rb = resistant trees before inoculation; Sa = susceptible trees after inoculation; Cb = control trees before inoculation; Ra = resistant trees after inoculation; and Ca = control trees after inoculation. Figure 5 . Relative absorbance ratios for some of the most diagnostic FT-IR bands (ratio of diagnostic spectral peak to the intensity at 1510 cm -1 ) in samples from Ulmus minor. Abbreviations: Sb = susceptible trees before inoculation; Rb = resistant trees before inoculation; Cb = control trees before inoculation; Sa = susceptible trees after inoculation; Ra = resistant trees after inoculation; and Ca = control trees after inoculation.
agnostic spectral region showed, in addition to intense peaks for C=O groups (1738 cm -1 ) and C-H bending in alkyl groups (1460 cm -1 ), diagnostic spectral bands indicating the presence of protein (amides I at about 1650 cm -1 ) (Dorado et al. 2001) . A well-defined pattern was obtained with characteristic bands centered at about 1594 and 1510 cm -1 for aromatic skeletal vibrations and additional peaks at 1420, 1330 and 1230 cm -1 that coincide with the different methoxyphenolic substitutions in the aromatic units of lignin (Fengel and Wegener 1989, Dorado et al. 2001 ). In the resistant trees, the relatively higher spectral peaks after inoculation may reflect increased metabolic activity in the host compared with susceptible trees, probably linked with the formation of defense compounds, such as those involved in the reinforcement of the cell walls. The higher absorbance peak at 1510 cm -1 for the sample from a 0%-wilting tree compared with the sample from a 90%-wilting tree suggests that lignification is a crucial factor in the defense reaction of elms.
Previous FT-IR analyses of suberin have demonstrated a structure dominated by aliphatic chains bearing hydroxy and ester moieties (Cordeiro et al. 1998 ). In our study, the strong absorption band at 2920 cm -1 and those at 1460 and 1364 cm -1 indicated the prevalent aliphatic (C-H) nature of the samples; the peaks at 3400 and 1096 cm -1 indicated the presence of OH groups; and finally, ester moieties were characterized by the strong bands at 1738 (C=O) and 1230 cm
Some host cell alterations resulting from fungal action can be observed from the relative absorbance analysis. The 1460/ 1510 cm -1 ratio is representative of the syringyl to guaiacyl (S/G) ratio of lignin (Faix 1991) . The higher S/G ratio in the resistant elms than in the susceptible elms suggests an appreciable synthesis of syringyl monomers after inoculation. Alterations in the S/G ratio have been related to phenylalanine ammonia-lyase activity (Sewalt et al. 1997, Chen and McClure 2000) , a key enzyme in the early activation of defense mechanisms against plant diseases (Hahlbrock and Scheel 1989) . A similar pattern of changes in band intensities was observed in the 1738/1510 cm -1 ratio, possibly related to an alteration in pectin synthesis (Chatjigakis et al. 1998 ) in resistant trees. Some of the occluding components in the vessel elements during gel and tylosis formation were identified as pectins in previous studies (Rioux et al. 1998) . Categorization of these alterations is difficult because of the complexities of the host-pathogen interaction (cf. Ouellette et al. 2004a) , and because some of the same responses might occur in more successful infections as well as in less successful ones; variations in outcome of the infections then lies in differences in timing and degree of the responses. Attributing the observed differences to chemical alterations is rational but speculative unless further chemical evidence is available from, for example, metabolomics research (Fiehn 2002) .
The dark content of parenchyma cells and fibers surrounding the infected vessels of both high-and low-susceptibility U. minor trees indicated a response of the tree to infection (Gagnon 1967) , probably related to the production of phenolic compounds (Rioux and Ouellette 1991) . Suberized tyloses were present in the vessels, which may hamper conidial transport (Elgersma and Miller 1977) and may also cause a localized accumulation of fungitoxic compounds in the infected vessels. Because of the hydrophobic properties, largely conferred by suberin, these tyloses might also be important in maintaining xylem function by restricting the extent of cavitation and air access (Pearce 1996) . These observations coincide in time with previous reports on barrier zone formation (Bonsen et al. 1985) and on peak accumulation of phytoalexin-like sesquiterpenes (Duchesne et al. 1985) in inoculated Ulmus americana L. trees. The bands of suberized cells observed may act as barriers to pathogen growth or diffusion of toxins, allowing formation of new healthy xylem Tippet 1981, Rioux and Ouellette 1991) . These bands correspond to wall 4 of the CODIT model proposed by Shigo and Marx (1977) . Wall 4 is the strongest and most durable of the compartmentalization walls, comprising cells laid down de novo that can form a structurally homogeneous barrier, rather than being formed after differentiation in a tissue containing diverse cell types as occurs for walls 1-3. Functionally, wall 4 is the most important barrier, protecting the newly formed wood and associated cambial tissues, both of which are vital to the continuing growth and survival of the tree (Pearce 1996) . Little latewood development was observed in susceptible trees (Sa), in contrast to trees showing greater resistance (Bonsen et al. 1985) . These results correspond well with the typical reactions described previously in elms after inoculation with Ophiostoma ulmi (Buisman) Nannf. or O. novo-ulmi (Shigo and Tippet 1981 , Bonsen et al. 1985 , Rioux and Ouellette 1991 . However, histochemical observations did not clearly discriminate between susceptible and resistant elms. Probably the thickness of the sections precluded the observation of fine histological details such as the presence of fungal cells, discontinuities in barrier zones or alveolar structures (e.g., Ouellette et al. 2004b) .
The results presented here do not support the use of FT-IR as a method for screening for relative resistance in elms to O. novo-ulmi, but do illustrate the potential of the technique in this field. Moreover, the study revealed the power of FT-IR microscopy in the analysis of metabolic changes in plants caused by pathogens. This technique can help elucidate the relative importance of different potential resistance factors in elm by increasing our understanding of the regulatory mechanisms controlling the expression of defense reactions and the role of specific compounds in plant defense.
